Because of the frequent association of metachromatic staining material and lipid deposits within the artery wall, the suggestion has been made that the mucopolysaccharides of the connective tissue of arteries may in some way render lipids of the blood insoluble and thereby set the stage for the development of the lesions of arteriosclerosis." "' Studies in this laboratory have demonstrated the accumulation of intravenously injected lipoproteins or of chylomicrons in regions of focal arterial injury, where metachromatic materials are present.'" Analyses of sulfate content in human aortas suggest that sulfated polysaccharides may cause deposition of the lipids by some chemical interaction. '8 It is known that hyaluronic acid precipitates protein from diluted, acidified horse serum.'9'" Concentrated solutions of hyaluronic acid precipitate some protein from human plasma below pH 7.0.' Both hyaluronic acid and chondroitin sulfuric acid precipitate globin at neutral pH.""8 A number of recent studies have demonstrated a rather specific precipitation of plasma lipoproteins by sulfated polysaccharides; these include sulfated dextran,' heparin,7 agar agar,' and sulfated amylopectin.8 Dyrbye and Kirk'0"' have extracted various mucopolysaccharides from aortic tissue, identifying a relatively high percentage of sulfated polysaccharides. The in vitro precipitation of plasma lipoproteins by polysaccharides of the artery wall, to our knowledge, has not been demonstrated. An investigation of possible interactions between these substances was begun as part of a continuing investigation in this laboratory of the pathogenesis of arteriosclerosis.
METHODS
Large sections of 30 human aortas, all from adults over the age of 25, were collected from the autopsy service and pooled. These were frozen immediately. Later the intimal and medial layers were carefully stripped and were dehydrated in cold acetone for 72 hours. The mucopolysaccharides were extracted by the method of Dyrbye and Kirk10 with the following modifications: The original extract was precipitated directly with the acetate-alcohol precipitation mix. This obviated the necessity of heating the extract to reduce its volume. Also, unbound sulfate and phosphate were removed by dialysis against distilled water. Solutions of aortic mucopolysaccharide were incubated for 12 hours with bovine* and with bacterial** hyaluronidase. The precipitating activity of these solutions was then tested.
RESULTS
Two hundred fifty milligrams of polysaccharide-containing material was extracted from approximately 300 g. of aortic tissue, wet weight. Analysis of this material showed that hexuronic acid and hexosamine were present in equimolar ratios within experimental limits. Sulfate accounted for [11] [12] per cent of the material. Analyses of two separate extracts are given (Table  1) . Theoretical values for chondroitin sulfate are listed in column C. It is Fig. 1 ).
Approximately 50 per cent of the total lipid was precipitated from six hyperlipemic rabbit sera from which the precipitate was analysed. Free and esterified cholesterol accounted for 30- per cent, were also found ( Table 2 ).
The precipitated complex was found to be extremely soluble in dilute solutions of NaCl. At a concentration of 5 mg. per ml. most precipitation from the higher density infranates. To determine whether this pattern of precipitation was a function of total lipoprotein concentration in the sample or of a specific lipoprotein floatation fraction, the density fractions were also separated by successive centrifugation. Only the 1.006-1.019 subfractions gave 4+ turbidity. The 1.019-1.063 subfractions gave ± to 1+ precipitation, in spite of the fact that this latter fraction contained more of the total lipid in two of the four samples which were subfractionated.
Defibrinated ACD human blood bank plasma also formed precipitates with the extracted polysaccharide. Total corrected cholesterol values of six samples ranged from 200 to 320 mg.%. In these precipitates, cholesterol and phospholipid were present in approximately equal amounts, comprising from 45 to 60 per cent of the precipitate. Triglyceride was usually present in small amounts; the Ca and mucopolysaccharide values corresponded to l1S those found with precipitates from rabbit sera. Protein made up 16 to 30 per cent of the precipitates. The total precipitable lipid was much lower, ranging from 5-15 per cent. Since lipoproteins in preserved plasma are liable to physical changes with aging, the above results were considered only as preliminary observations. This subject should be studied more fully with fresh human plasma.
At pH 7.4 commercial chondroitin sulfate mixed with hyperlipemic rabbit serum gave a precipitate of a lipoprotein-mucopolysaccharide complex only when the calcium salt of chondroitin sulfate was utilized. This material pre- 10 jug. per ml. The potassium salt of chondroitin sulfate exhibited no activity, even with added CaCl2. Incubation of the mucopolysaccharide extracted from the aortic tissue with bovine hyaluronidase markedly diminished its precipitant activity. This effect was more pronounced with dilute solutions of the mucopolysaccharide. Bacterial hyaluronidase contrastingly had no effect.
DISCUSSION
The mucopolysaccharide extracted from aortic tissue by Dyrbye and Kirk10 n was predominantly a form of chondroitin sulfate, with an additional smaller amount of nonsulfated mucopolysaccharide. Analyses of our material substantiates this finding. Since high temperatures and extreme pH values were intentionally avoided in our procedure, it would be expected that more firmly bound protein would remain with the mucopolysaccharide.' The mild conditions employed were designed to minimize depolymerization of the mucopolysaccharide.
In our test system the commercial mucopolysaccharide was active only if sulfate groups were present in the molecule. Hyaluronic acid showed no activity in concentrations up to 10 mg. per ml. In contrast lipoprotein precipitation was detectable at a chondroitin sulfate concentration of 10 jug. per ml. Experiments with other polymers corroborate this finding: sulfated dextran and sulfated amylopectin precipitate lipoproteins much more readily than do the nonsulfated parent compounds.3"'
Dyrbye and Kirk" have demonstrated that sulfated mucopolysaccharide in the aorta is depolymerized by bovine hyaluronidase. Bacterial hyaluronidase was active only with the small amount of nonsulfated polysaccharide. Our results confirm this finding: after treatment with bovine hyaluronidase, the remaining polysaccharide fragments exhibited greatly diminished activity, whereas bacterial hyaluronidase had no effect upon the precipitant activity of the extracted mucopolysaccharides. This again suggests sulfated polysaccharide as the active material.
In morphological studies on human aortas, mucopolysaccharide accumulates in focal regions of elastic damage; lipid depostion occurs in these regions. 1".".
M
This polysaccharide is also depolymerized by bovine hyaluronidase and is unaffected by bacterial hyaluronidase." From these studies, it has been suggested that this mucopolysaccharide is a form of chondroitin sulfate which collects in regions of intimal and medial damage and then in some way interacts with lipoproteins of the plasma to produce the focal lipid deposits.
In the present study the only lipoprotein floatation fraction that forms a heavy precipitate with the mucopolysaccharide is the D. 1006-1.019 fraction. It has been proposed that peptide and phospholipid groups form the hydrophilic portions of the beta lipoprotein molecule." Although these hydrophilic groups form a relatively smaller percentage of the total molecule in the lower density fraction of the beta lipoproteins, the phospholipid decreases less than the peptide." It would appear, then, that the 1.006-1.019 fraction would be more dependent on its phospholipid for solubility than would the higher density lipoglobulins. Ca ions added to a solution of lecithin will immediately precipitate a Ca-lecithin complex,' suggesting that the phospholipid in the lipoprotein molecule also may be binding Ca ions. Some of the chondroitin sulfates in tissue exist as the Ca salt. Work by Boyd and Neuman4 suggests that Ca ions are strongly bound by the sulfate groups in chondroitin sulfate; phosphate can then be bound to this Ca-chondroitin sulfate complex. Thus, one possible mechanism binding mucopolysaccharide to lipoprotein in an insoluble complex would be through the mutual binding of the Ca ions by the macromolecules. This mechanism would explain the specificity of the precipitation, including the necessity for sulfate groups on the polysaccharide and for phospholipid in lipoproteins with low peptide content. Extraction of lipoproteins from aortic tissue has shown the bulk of the lipid to be associated with this low density beta lipoglobulin fraction. '5 The redissolving of the mucopolysaccharide-Ca-lipoprotein precipitate by relatively high concentrations of Ca(Cl)2 and lower concentrations of NaCl is probably due to a dissociation of the complex.2' A shielding of ionic sites in polyions by oppositely charged ions has been demonstrated by Fuoss ;" this effect becomes more intense at higher ionic concentrations. This suggests that the electrostatic forces of attraction between the oppositely charged macromolecules would be decreased; further, with added Na ions competing with the Ca ions for the available sites on the macromolecules, the net binding effect of the bivalent Ca ions would be greatly diminished. Such a competitive mass action effect can be demonstrated experimentally at low concentration of Ca (Cl)2: addition of a small amount of NaCl to the test system will markedly decrease the precipitate. Further addition of CaCl2 will reform a heavy precipitate. Eventually an upper limit is reached, at which further addition of CaCl2 will no longer reprecipitate the complex. It may be that in this range the shielding effect of the high Cl ion concentration becomes dominant.21
This inhibitory effect of NaCl in physiological concentrations indicates that if lipoproteins are bound by a Ca salt of chondroitin sulfate in tissue, other factors of equal importance must be considered. It must be remembered that the intima is a complex structure of collagen and elastic fibers, a ground substance of polysaccharide material, and an endothelial covering, as well as substances possibly filtering from the plasma. A discussion of concentration in such a multi-phase system is almost meaningless. For example, in focal regions of injury, degradation products produce a gel-like mass of metachromatic material. In such a region, a lipid-rich precipitate from plasma would be favored by the high concentration of macromolecular substances"" by means of a "dehydration" mechanism; any accumulation of sulfated polysaccharides would also favor lipoprotein precipitation. Thus, the interplay of different factors in any small volume of intima would determine the solubility of the lipoprotein in this region.
By adding heparin to a solution of serum dialysed to a low ionic strength, Burstein7 has precipitated virtually all of the beta-lipoprotein fraction. No precipitation occurs unless Ca ions are added to this system. Although heparin is a relatively small polysaccharide, it has a relatively high sulfate content.
CaCl2 in low concentrations also increases the precipitation of serum lipoproteins by solutions of polyethylene glycol;2 higher concentrations of the Ca ion will redissolve the precipitate. Polyethylene glycols are known chelating agents, binding Ca ions strongly; this again suggests that the Ca ion is the bivalent intermediate between these two macromolecules. Since high concentrations of these polymers will precipitate serum proteins without additional Ca ions,'2 nonionic forces may also be involved.
Walton'm has shown a similar binding of fibrinogen with dextran sulfate at physiologic pH; the importance of nonionic forces in these reactions was stressed, in contrast to the ionic binding which occured at pH levels below the isoelectric point of fibrinogen. He also noted the extreme solubility of these precipitates in dilute NaC1 solutions at physiologic pH. Size of the reacting molecules appears to be of great importance in the type of reaction under discussion. The larger polymers of polyethylene glycol are much more active, weight for weight, than the shorter polymers in the precipitation of lipoproteins.' Walton'm also noted that only the larger sulfated polysaccharides would precipitate fibrinogen at physiologic pH. Bernfeld8 also observed this phenomenon with sulfated starches. Cohen8 found that only the larger polysaccharides were effective in the precipitation of virus particles. In our experiments the depolymerized material, after treatment with bovine hyaluronidase, showed greatly diminished activity. Large size may also be a factor in the specificity of the lipoprotein precipitation, for the 1.006-1.019 density fraction approaches the chylomicron of the plasma in size. In the tissue the problem is further complicated by a complex structuring in which molecules are rigidly positioned. Such structural rigidity may produce a simple filtering and dehydration of the macromolecules, without even the necessity of macromolecular binding.""'' SUMMARY Sulfated mucopolysaccharides extracted from the intima and media of the human aorta will precipitate lipoproteins of diluted human serum at a pH 7.4.
The most precipitible lipoprotein is the D. 1.006-1.019 fraction. The D. 1.019-1.063 fraction shows some precipitation. Ca ions in low concentrations are necessary for precipitation.
Ca ions, mucopolysaccharide, and lipids and protein are found in the precipitated complex.
The Ca salt of a commercial chondroitin sulfate has similar precipitant activity, while hyaluronic acid does not. Bovine hyaluronidase diminishes this activity, while bacterial hyaluronidase has no effect.
An electrostatic binding mechanism is suggested, involving Ca ions, the sulfate groups on a form of chondroitin sulfate, and the phospholipid of the lipoproteins. Other forces, related in part to molecular size, must also be involved.
